The medial shell of nucleus accumbens (NAc) and its mesolimbic dopamine inputs mediate forms of fearful as well as of incentive motivation. For example, either appetitive and/or actively fearful behaviors are generated in a keyboard pattern by localized glutamate disruptions in NAc (via microinjection of the AMPA receptor antagonist DNQX) at different anatomical locations along a rostrocaudal gradient within the medial shell of rats. Rostral glutamate disruptions produce intense increases in eating, but more caudally placed disruptions produce increasingly fearful behaviors: distress vocalizations and escape attempts to human touch, and a spontaneous and directed antipredator response called defensive treading/burying. Local endogenous dopamine is required for either intense motivation to be generated by AMPA disruptions. Here we report that only endogenous local signaling at D 1 dopamine receptors is needed for rostral generation of excessive eating, potentially implicating a direct output pathway contribution. In contrast, fear generation at caudal sites requires both D 1 and D 2 signaling simultaneously, potentially implicating an indirect output pathway contribution. Finally, when motivation valence generated by AMPA disruptions at intermediate sites was flipped by manipulating environmental ambience, from mostly appetitive in a comfortable home environment to mostly fearful in a stressful environment, the roles of local D 1 and D 2 signaling in dopamine/glutamate interaction at microinjection sites also switched dynamically to match the motivation valence generated at the moment. Thus, NAc D 1 and D 2 receptors, and their associated neuronal circuits, play different and dynamic roles in enabling desire and dread to be generated by localized NAc glutamate disruptions in medial shell.
Introduction
Intense aberrant motivation is an important feature of psychopathological disorders, ranging from intense appetitive motivation in addiction and binge eating to more fearful paranoia in schizophrenia and anxiety disorders (Barch, 2005; Kalivas and Volkow, 2005; Howes and Kapur, 2009; Woodward et al., 2011) . Both appetitive and fearful motivations involve interactions between dopamine and glutamate in overlapping mesocorticolimbic circuits that converge on nucleus accumbens (NAc) (Kelley et al., 2005; Faure et al., 2008; Meredith et al., 2008; Carlezon and Thomas, 2009; Kalivas et al., 2009; Humphries and Prescott, 2010) .
NAc and dopamine-related circuits are best known for roles in appetitive motivation (Schultz, 2007; Wise, 2008) , but are also implicated in some forms of aversive motivation related to fear, stress, disgust, and pain (Levita et al., 2002; Salamone et al., 2005; Ventura et al., 2007; Matsumoto and Hikosaka, 2009; Zubieta and Stohler, 2009; Cabib and Puglisi-Allegra, 2011) . Within medial shell of NAc, neuroanatomical coding plays an important role in determining appetitive versus fearful valence of intense motivations generated by glutamate disruptions.
Local AMPA blockade [e.g., by 6,7-dinotroquinoxaline-2,3(1 H,4 H)-dione (DNQX) microinjection] produces intense eating and/or fearful reactions in an anatomical keyboard pattern along a rostrocaudal gradient Berridge, 2001, 2003; Faure et al., 2008; Reynolds and Berridge, 2008) . At rostral sites in medial shell, purely positive/appetitive behavior, such as intense eating, is produced by local glutamate disruptions (Maldonado-Irizarry et al., 1995; Kelley and Swanson, 1997) . In contrast, as locations move caudally, disruptions generate progressively more fearful behaviors, including reactive distress vocalizations and escape dashes in response to touch, and spontaneous actively fearful behaviors such as an antipredator response of defensive treading/burying, in which rodents use rapid forepaw movements to toss sand or bedding at a threatening stimulus (e.g., rattlesnake) (Coss and Owings, 1978; Treit et al., 1981; Berridge, 2001, 2003; Faure et al., 2008; Reynolds and Berridge, 2008) . At intermediate sites in NAc shell, glutamate disruptions generate a mixture of both behaviors, and the dominant valence can be flexibly flipped between positive and negative by changing environmental ambience between familiar and stressful ).
We reported previously that endogenous dopamine activity was required locally for glutamate disruptions in NAc shell to generate feeding or fear (Faure et al., 2008) . What remains unknown are the relative roles of D 1 -like versus D 2 -like dopamine receptors and their associated direct versus indirect output circuits in DNQX-generated motivations. Here we addressed these roles, and found that only D 1 receptor stimulation, potentially involving the direct pathway to ventral tegmentum (VTA), was needed for glutamatergic disruptions to generate appetitive eating at rostral sites. In contrast, endogenous activity at both D 1 and D 2 receptors, potentially recruiting a stronger role of the indirect pathway to ventral pallidum (VP) and lateral hypothalamus (LH), was needed for DNQX to generate fearful behavior at caudal sites. Furthermore, we found that motivational valence trumped rostrocaudal location at flexible intermediate sites, which switched reversibly between an appetitive mode that required only D 1 neurotransmission and a fearful mode that required simultaneous D 1 and D 2 neurotransmission.
Materials and Methods

Subjects
Male Sprague Dawley rats (total, n ϭ 87; feeding and fear test groups, n ϭ 51; Fos plume groups, n ϭ 36), weighing 300 -400 g at surgery, were housed at ϳ21°C on a reverse 12 h light/dark cycle. All rats had ad libitum access to both food and water. All of the following experimental procedures were approved by the University Committee on the Use and Care of Animals at the University of Michigan.
Cranial cannulation surgery
Rats were anesthetized with intraperitoneal injections of ketamine hydrochloride (80 mg/kg) and xylazine (5 mg/kg) and treated with atropine (0.05 mg/kg) to prevent respiratory distress, and then placed in a stereotaxic apparatus (David Kopf Instruments). The incisor bar was set at 5.0 mm above intra-aural zero, angling cannula trajectory so as to avoid penetrating the lateral ventricles. Under surgical anesthesia, rats (n ϭ 87) received bilateral implantation of permanent cranial cannulae (14 mm, 23-gauge, stainless steel) aimed at staggered points throughout the rostrocaudal extent of medial shell of NAc. Cannulae were bilaterally inserted at coordinates between ϩ2.4 to ϩ3.1 mm anteroposterior (AP), Ϯ0.9 to 1.0 mm mediolateral (ML), and Ϫ5.6 to 5.7 mm dorsoventral (DV) from bregma. Cannulae were anchored to the skull using surgical screws and dental acrylic. Stainless-steel obturators (28 gauge) were inserted in cannulae to avoid occlusion. After surgery, each rat received subcutaneous injection of chloramphenicol sodium succinate (60 mg/ kg) to prevent infection and carprofen (5 mg/kg) for pain relief. Rats received carprofen again 24 h later and were allowed to recover for at least 7 d before testing began.
Drugs and intracerebral microinjections
Localized glutamate disruptions in medial shell were induced before behavioral tests by bilateral microinjections of DNQX, an AMPA/kainate receptor glutamate antagonist (Sigma) at a dose of 450 ng/0.5 l per side. Either DNQX or vehicle (0.5 l per side) was microinjected alone, or in combination with (1) the selective D 1 antagonist R(ϩ) -7-chloro-8-hydroxy-3-methyl1-phenyl-2,3,4,5,-tetrahydro-1 H-3-benzazepine (SCH23390; Sigma) at a dose of 3 g/0.5 l per side, (2) the selective D 2 antagonist raclopride (3,5-dichloro-N-{[(2S)-1-ethylpyrrolidin-2-yl]methyl}-2-hydroxy-6-methoxybenzamide) at a dose of 5 g/ 0.5 l per side, or (3) both SCH23390 and raclopride. Drug doses were chosen based on studies by Faure et al. (2008) and Reynolds and Berridge (2003) . All drugs were dissolved in a vehicle of 50% DMSO mixed with 50% 0.15 M saline and microinjected at a volume of 0.5 l per side. The pH was normalized to 7.0 to 7.4 using HCl for both drug and vehicle microinjections. On test days, solutions were brought to room temperature (ϳ21°C), inspected to confirm the absence of precipitation, and bilaterally infused at a speed of 0.3 l/min by syringe pump via PE-20 polyethylene tubing through stainless-steel injectors (16 mm, 29 gauge) extending 2 mm beyond the guide cannulae to reach NAc targets. Injectors were left in place for 1 min following microinjection to allow drug diffusion, after which obturators were replaced, and rats were immediately placed in the testing chamber.
Glutamate/dopamine interaction group. Each rat tested for motivated behavior (n ϭ 23) received the following five drug microinjections on different days, spaced 48 h apart, in counterbalanced order: (1) vehicle alone, (2) DNQX alone (to elicit motivated behavior), (3) a mixture of DNQX plus SCH23390 (D 1 blockade), (4) DNQX plus raclopride (D 2 blockade), and (5) DNQX plus both SCH23390 and raclopride (combined dopamine blockade) (Faure et al., 2008) .
Independent dopamine blockade group. A separate group of rats (n ϭ 18) was tested for motivated behavior after receiving microinjections of dopamine antagonists alone (without DNQX), DNQX alone, or vehicle to ensure that dopamine antagonists in NAc shell did not prevent DNQX from generating motivations by simply eliminating motoric capacity or normal motivated behavior. Use of different groups ensured that the number of microinjections any rat received was limited to five or six. This dopamine antagonist group received the following five drug conditions: (1) vehicle, (2) SCH23390 alone, (3) raclopride alone, (4) SCH23390 plus raclopride, and (5) DNQX alone (as a positive contrast to confirm that motivated behaviors could be generated at high intensities in these rats). All drug conditions were administered in counterbalanced order within each group, and tests were spaced at least 48 h apart.
Environmental shift group. A separate environment-shift group (n ϭ 10) was used to assess whether changing the environmental ambience flexibly altered the mode of dopamine/glutamate interactions at a particular site within the intermediate two-thirds of medial shell that is capable of generating both appetitive and fearful motivations . Rats in this group had microinjection cannulae aimed at intermediate rostral-caudal sites. Each rat was tested on different days in two environments: comfortable and familiar "home" versus overstimulating and "stressful" (described below) in counterbalanced order. Rats were tested in each environment three times, also in counterbalanced order, after microinjections of either (1) vehicle, (2) DNQX, or (3) DNQX plus raclopride. Thus, each rat received six test conditions, all separated at least 48 h apart in balanced order.
Behavioral tests of spontaneous motivated behaviors
Following 3 d of handling, all rats tested for motivated behavior (n ϭ 51) were habituated to the testing procedure and apparatus on 4 d for 1 h each. On the fourth day of habituation, rats received mock microinjections of vehicle before entering the test chamber, to habituate them to the microinjection procedure. On each test day, rats received one of the drug conditions described previously and were placed immediately in the transparent testing chamber (23 ϫ 20 ϫ 45 cm), which contained preweighed food (ϳ20 g rat chow) and ad libitum water, to allow the expression of appetitive behavior. The chamber also contained granular cob bedding spread on the floor ϳ3 cm deep to allow the expression of defensive treading behavior. Behavior in the chamber was video recorded for 60 min, to be scored later offline for analysis. At the end of each session, rats were removed by the experimenter's gloved hand using a standardized slow-approach hand motion to quantify any fearful distress calls, escape attempts, or defensive bites elicited by human touch. Following a ϳ5 s approach toward the testing cage, the experimenter slowly reached toward the rat, taking ϳ2 s. Upon contact, the experimenter lightly brushed the side of the rat with gloved fingertips, taking ϳ1 s, before lifting the rat from the chamber in a gentle movement that lasted ϳ2 s. The observer recorded any attempts by the rat to escape when touched, as well as bites and audible distress vocalizations.
All behavioral tests for the glutamate/dopamine interaction and independent dopamine blockade groups (n ϭ 41) were conducted in a "standard" lab environment following a brief transport from the home room. The standard environment was intended to be similar to most behavioral neuroscience laboratories in lighting, sounds, and odors, and to be of relatively neutral ambience (in between positive home and negative stress of the next experiment). This standard environment consisted of a conventional laboratory testing room (daylight illumination conditions of white fluorescent light intensity, 550 -650 lux; ambient noise sound intensity, 65-70 dB) as described previously .
Rats in the environmental shift group were tested in two environments of opposite extreme valence: (1) the home environment, which consisted of normal dim red lighting (5-10 lux) and quiet levels of ambient noise (65-70 dB, primarily rat noise and static noise from ventilation systems), as well as familiar odors and sights of the rat's own home room, versus (2) the stressful, high-intensity sensory-stimulation environment, which was conducted in the standard laboratory except that additional incandescent lamps were directed at the test chamber (1000 -1300 lux within the cage), and loud, unpredictable sound was presented continuously throughout the test [raucous rock music from the continuous full-album soundtrack of Raw Power by Iggy and The Stooges (1973; Iggy Pop reissue 1997); 80 -86 dB]. In preference tests, rats have been shown to prefer the home environment over the standard environment, and to prefer the standard lab environment over the stressful one .
Behavioral coding
The incidence of elicited fearful distress vocalizations, escape dashes, and bite attempts directed at the experimenter's hand were scored when the rat was gently picked up at the end of the test session (Reynolds and Berridge, 2003) , after which total grams of chow pellets consumed were recorded. Behaviors emitted spontaneously and videotaped during the 1 h test were subsequently scored by experimenters blind to treatment for the total cumulative duration (seconds) for each of the following: eating behavior (involving both appetitive approach and voluntary initiation of ingestion plus consummatory chewing and swallowing of food), drinking behaviors (licking from water spout), and fearful defensive treading/ burying behavior (defined as active spraying or pushing of bedding with rapid alternating thrusts of the forepaws, spatially directed generally toward the brightly lit front or corners of the cage). Additionally, the number of bouts of appetitive behaviors such as food carrying and food sniffs, as well as less valenced behaviors such as rearing, cage crosses, and grooming behavior were also recorded.
Histology
Following behavioral testing, rats were deeply anesthetized with an overdose of sodium pentobarbital. Rats in which Fos plumes were measured were perfused and brains treated as described previously . These included rats behaviorally tested in the environmental shift group (n ϭ 10; which therefore received a seventh final drug or vehicle microinjection and behavioral test 90 min before perfusion) and a separate dedicated Fos group (n ϭ 36; which were histologically assessed after just a single drug or vehicle microinjection into locations staggered throughout medial shell, administered under conditions identical to the first day of testing for behavioral rats). The purpose of the dedicated Fos group was to assess maximal local impact radius and avoid the danger of underestimating plume size due to progressive necrosis/ gliosis over a series of microinjections that might shrink a final plume. If shrinkage occurred in the behaviorally tested group, that in turn could give rise to overly precise estimates of localization of function in brain maps. This potential distortion of impact estimates by plume shrinkage was prevented in the dedicated group that received only one microinjection.
All rats used for Fos analysis were anesthetized and transcardially perfused 90 min after their final or sole bilateral microinjection of vehicle (n ϭ 10), DNQX alone (n ϭ 13), DNQX plus SCH23390 (n ϭ 6), DNQX plus raclopride (n ϭ 10), DNQX plus raclopride and SCH23390 (n ϭ 3), or no solution (normal, n ϭ 3). Brain slices were processed for Fos-like immunoreactivity using normal donkey serum, goat anti-c-fos (Santa Cruz Biotechnology), and donkey anti-goat Alexa Fluor 488 (Invitrogen) (Faure et al., 2008; Reynolds and Berridge, 2008) . Sections were mounted, air-dried, and coverslipped with ProLong Gold antifade reagent (Invitrogen). Zones where the expression of fluorescent Fos was elevated in neurons surrounding microinjection sites ("Fos plumes") were assessed via microscope as described previously .
Other brains were removed and fixed in 10% paraformaldehyde for 1-2 d and in 25% sucrose solution (0.1 M NaPB) for 3 d. For assessment of microinjection site locations in behaviorally tested rats, brains were sliced at 60 m on a freezing microtome, mounted, air-dried, and stained with cresyl violet for verification of microinjection sites. Bilateral microinjection sites for each rat were placed on coronal slices from a rat brain atlas (Paxinos and Watson, 2007) , which were used to extrapolate the position of each site on one sagittal slice. Mapping in the sagittal view allows for the presentation on the same map of the entire rostrocaudal and dorsoventral extents of NAc medial shell. Functional effects on appetitive and fearful behaviors were mapped using color coding to express the intensity of changes in motivated behaviors for individual behaviorally tested rats. Symbols were sized to match the maximal diameter of Fos plumes measured as described below. Sites were classified as rostral shell if their NAc placements were located ϩ1.4 to ϩ2.6 mm ahead of bregma, and as caudal shell if their placements were located ϩ0.4 to ϩ1.4 mm ahead of bregma.
Statistical analysis
The effects of DNQX on parametric behaviors were assessed using a three-factor mixed within-and between-subjects ANOVA [drug by group (glutamate/dopamine interaction vs independent dopamine blockade) by anatomical level (rostral vs caudal)] to verify elicitation of eating and defensive behavior along a rostrocaudal gradient. The effects of antagonism at D 1 -and D 2 -like receptors on DNQX-induced behavior were assessed using an additional two-factor mixed withinand between-subjects ANOVA to compare with behavior on DNQX alone (D 1 antagonism by D 2 antagonism). The effects of environmental modulation were assessed using a two-factor within-subject ANOVA (environment by drug). When significant effects were found, rats were split by anatomical location, and additional analysis was done using a one-way ANOVA and pairwise comparisons using Sidak corrections for multiple comparisons. For nominal data, differences between drug conditions were assessed using McNemar's repeatedmeasures test.
Results
Local AMPA receptor blockade in medial shell elicits eating and defensive treading behavior in a rostrocaudal gradient Localized glutamate disruptions in medial shell induced by microinjections of DNQX, an AMPA/kainate receptor glutamate antagonist, stimulated intense appetitive and/or fearful behaviors depending on placement along a rostrocaudal gradient as expected ( Fig. 1a) . At rostral sites in medial shell, NAc glutamate disruptions generated robust elevations nearly five times over vehicle levels in amounts of eating behavior and food consumed during the 1 h test (cumulative duration of eating, drug by site interaction, F (1,32) ϭ 10.0, p ϭ 0.003; food intake measured in grams consumed, drug by site interaction, F (1,32) ϭ 14.5, p ϭ 0. 001; Figures 2a, b, 3a) . Conversely, at caudal sites in medial shell, DNQX microinjections did not elevate food intake (and in some caudal rats actually suppressed eating and food intake below control vehicle levels; Fig. 2a,b ), but instead generated profound elevations in the incidence of fearful distress vocalizations (Figs. 2d, 3c; 73% of rats after DNQX microinjection vs 0% after vehicle; McNemar's test, p ϭ 0.001) and of fearful escape attempts to human touch (Figs. 2e, 3c; 40% of rats after DNQX vs 0% after vehicle, McNemar's test, p ϭ 0.031). Likewise, caudal DNQX microinjections generated nearly 10-fold increases in the spontaneous emission of defensive treading/burying behavior over vehicle control levels (Figs. 1a, 2c, 3b ; drug by site interaction in cumulative duration of treading, F (1,32) ϭ 6.9, p ϭ 0.013). Defensive treading typically was not diffuse or random, but rather was directionally focused on a particular target, usually toward the transparent front of the cage (beyond which objects and people in the room could be seen) and toward light-reflecting front corners of the transparent plastic chamber. (Figs. 1-3) ; that is, when the dopamine D 1 antagonist SCH23390 was added to the rostral DNQX microinjection, the D 1 blockade abolished the ability of DNQX to increase time spent eating or food intake, leaving eating behavior and intake at control levels seen after vehicle microinjections (Figs. 2a,b, 3a , eating, SCH23390, F (1,7) ϭ 13.3, p ϭ 0.008; gram intake, SCH23390, F (1,7) ϭ 11.1, p ϭ 0.010). , middle) , or DNQX plus raclopride (D 2 antagonist, right) in the standard laboratory environment. Each subject (n ϭ 23) was designated as producing primarily appetitive (green symbols), fearful (red symbols), or mixed appetitive and fearful (yellow symbols) motivated behavior following DNQX microinjection. Purely appetitive eating behavior and food intake (criteria for including a site was a Ͼ200% increase in eating) was primarily stimulated in rostral shell by DNQX. Fearful distress calls, escape attempts, and spontaneous emission of defensive treading/burying behavior directed toward specific targets (criteria for including a site was a Ͼ500% increase over vehicle levels) were primarily stimulated in caudal shell by DNQX. Intermediate sites in medial shell often met both appetitive and defensive criteria and were designated as generating "mixed valence." Combining the D 1 antagonist in the DNQX microinjection prevented the elicitation of all appetitive (rostral) and fearful (caudal) behaviors. In contrast, combining the D 2 antagonist in the DNQX microinjection only prevented the elicitation of defensive behavior, but left appetitive behavior intact. B, Maximal Fos plumes were analyzed for each drug microinjection condition. Fos-labeled cells were counted individually within successive blocks (50 ϫ 50 m), along eight radial arms emanating from the center of the site, with 10ϫ magnification. Colors indicate levels of Fos expression of 3ϫ (red), 2ϫ (orange), and 1.5ϫ (yellow) vehicle-level Fos expression. Line graphs show that DNQX (red) produced elevated Fos expression starting at the center of the microinjection to zones ϳ0.3 mm away. DNQX-induced increases in Fos expression were suppressed by adding D 1 antagonist (SCH23390; blue) but were enhanced by adding D 2 antagonist (raclopride; orange) to the DNQX microinjection. Error bars indicate SEM.
In contrast, combining the D 2 -like antagonist raclopride with DNQX microinjection for rostral sites failed to prevent or even impair the DNQX-enhancement of eating (cumulative duration; Figs. 2a, b, 3a; raclopride, F (1, 8) Ͻ 1, p ϭ 0.743) or food intake (grams consumed; Fig. 2b ; raclopride, F (1,8) Ͻ 1, p ϭ 0.517). Quite the opposite, at least at caudal shell sites, adding the D 2 antagonist allowed caudal DNQX to further increase time spent eating to even higher levels that were 245% above vehicle, or 156% above eating levels produced by DNQX alone (Figs. 2a, 3a ; DNQX stimulation of eating at caudal sites was usually low due to the rostrocaudal gradient, average of 566 Ϯ 101 s on DNQX plus raclopride vs 362 s on DNQX alone and 230 s on vehicle; raclopride by DNQX, F (1,10) ϭ 6.0, p ϭ 0.035). A slight caveat to this additional enhancement is that adding the D 2 antagonist did not actually boost the physical amount of food consumed for this group, even though it nearly doubled the proportion of time during the trial in which rats ate ( Fig. 2b ; raclopride, F (1,11) Ͻ 1, p ϭ 0.930); however, we note that raclopride did boost stimulation of food consumption as well as of eating behavior for caudal DNQX microinjections in a separate experiment tested below (in tests conducted in a more stressful environment).
As expected, combining both the D 1 antagonist and the D 2 antagonist together with DNQX completely prevented DNQX from enhancing eating (similar to D 1 antagonist above), and kept levels of intake equivalent to vehicle baseline levels ( Fig.  2a,b ; gram intake vs vehicle, F (1,7) Ͻ 1, p ϭ 0.973; eating, F (1,7) ϭ 1.1, p ϭ 0.322). However, the D 1 -D 2 mixture of antagonists was no more effective than adding just the D 1 antagonist alone to DNQX, which also completely prevented appetitive increases ( Fig. 2a; eating, SCH23390 plus raclopride vs SCH23390 alone, F Ͻ 1, p ϭ 1.000). In short, we conclude that only local endogenous D 1 receptor neurotransmission is needed to enable glutamate disruptions in rostral sites of medial shell to stimulate appetitive behavior and food intake. In contrast, local D 2 receptor neurotransmission is essentially irrelevant to rostral eating stimulation, being neither necessary nor even contributing additively in any detectable way (and possibly even inhibiting the stimulation of eating at caudal sites, perhaps via generation of fearful reactions as described below that could compete with or suppress appetitive eating). (Figs. 1-3) . Mixing either the D 1 antagonist or the D 2 antagonist with DNQX effectively prevented the production of any defensive treading at caudal sites, as well as the generation of any distress calls or escape reactions to human touch that otherwise were potentiated by DNQX microinjections (Figs. 2c-e, 3b,c; defensive treading, SCH23390, F (1,10) ϭ 7.1, p ϭ 0.024; raclopride, F (1,10) ϭ 5.4, p ϭ 0.043; escape attempts and jumps, DNQX alone, 40% of rats; DNQX plus SCH23390, 0%, p ϭ 0.031 compared to DNQX, McNemar's test; DNQX plus raclopride, 13%, p ϭ 0.219; distress calls, DNQX alone, 73% of rats; DNQX plus SCH23390, 13% of rats, p ϭ 0.012; DNQX plus raclopride, 20% of rats, p ϭ 0.008). In short, all fearful behaviors remained at near-zero control levels when either dopamine antagonist was mixed with DNQX.
Ruling out general suppression by dopamine antagonist microinjections
Again, D 1 and D 2 receptor contributions to DNQX fear induction appeared to reflect a specific interaction of these dopamine receptors with the glutamate disruption in caudal shell, because giving microinjections of either or both dopamine antagonists in the absence of DNQX did not change defensive treading from vehicle baseline levels (treading, SCH23390, F (1,14) Ͻ 1, p ϭ 0.913; raclopride, F (1,14) Ͻ 1, p ϭ 0.476). However, it must be noted that vehicle levels of fearful behaviors were near zero already, raising the possibility that a floor effect could have obscured a general suppression of fearful behavior by dopamine blockade. Therefore, we turn to other evidence, which also suggests that dopamine antagonist microinjections, either with DNQX or by themselves, did not generally prevent most behaviors. For example, grooming, a nonvalenced behavior that was emitted at substantial rates after vehicle, remained unsuppressed by local blockade of D 1 or D 2 receptors. Dopamine antagonists alone did not suppress spontaneous grooming (average, 9.33 Ϯ 1.35 bouts on vehicle vs 8.09 Ϯ 1.13 on SCH23390 and 8.40 Ϯ 1.22 on raclopride; F Ͻ 1). Likewise, adding dopamine antagonists to DNQX did not suppress grooming behavior (F Ͻ 1). Microinjections of the dopamine antagonists alone did moderately suppress locomotion expressed as rears and cage crosses by about 50% from vehicle levels, though this suppression was nowhere near as strong as the abolition of DNQX-induced elevations of eating or fearful defensive treading described above (rears, SCH23390, F (1,13) ϭ 17.6, p ϭ 0.001; raclopride, F (1,13) ϭ 9.8, p ϭ 0.008; cage crosses, SCH23390, F (1,13) ϭ 19.3, p Ͻ 0.001; raclopride, F (1,13) ϭ 13.1, p ϭ 0.002). Furthermore, DNQX microinjections stimulated locomotion to double or triple vehicle levels, and adding SCH23390 or raclopride to the DNQX microinjection did not prevent that rise in cage crosses and rears (main effect of DNQX, cage crosses, F (1,33) ϭ 12.0, p ϭ 0.002; rears, F (1,33) ϭ 6.8, p ϭ 0.014; SCH23390, F Ͻ 1 for rears and cage crosses; raclopride, cage crosses, F (1,19) ϭ 2.2, p ϭ 0.154; rears, F (1,19) ϭ 3.2, p ϭ 0.091). Thus, general suppression effects of dopamine antagonists were either missing or minimal and did not appear sufficient to account for the abolition of DNQXstimulated motivated behaviors described above.
Local mode of dopamine/glutamate interaction switches flexibly as ambience reverses motivation valence Environmental ambience flips motivational valence
As expected, for most sites in the intermediate two-thirds of medial shell (i.e., all sites between the far rostral 20% and far caudal 20%), changing environmental ambience from dark, quiet, and familiar (similar to rats' home room) to stressfully bright and noisy (extra light and raucous music) reversed the valence of motivated behavior generated by DNQX microinjections (Reynolds and (Fig. 4) . Rats emitted almost exclusively appetitive behavior in the home environment after DNQX microinjections, but emitted substantial amounts of fearful behaviors as well when tested in the stressful environment after DNQX at the same NAc sites. The familiar, low-stimulation, and presumably comfortable conditions of the home environment (which rats have been shown to prefer to standard lab illumination condition) caused the appetitive-stimulating zone within NAc to expand from rostral sites and invade caudal sites of medial shell as well, so that 90% of all medial shell locations generated intense eating behavior and food intake (Ͼ200% of vehicle; Fig. 4a) . Concomitantly, the home environment virtually eliminated DNQX-induction of fearful behaviors, such as distress vocalizations, escape attempts, or defensive treading ( Fig. 4a,b ; treading, DNQX, F (1,7) ϭ 3.5, p ϭ 0.102; drug by site interaction, F (1,7) Ͻ 1, p ϭ 0.476). Consequently, the size of the fear-inducing zone severely shrank in the home environment, leaving most midcaudal sites unable to generate fearful reactions. Thus, only one rat (which had the farthest caudal shell site) displayed Ͼ20 s of defensive treading in the home environment or emitted a distress vocalization when touched after the test (Fig. 4b) .
In contrast, the loud and bright stressful environment (which rats avoid over lab conditions and quickly learn to turn off when given the opportunity) expanded the caudal fear-inducing zone to include substantial midrostral areas of medial shell and increased the levels of defensive treading stimulated by DNQX to over 600% of the corresponding levels induced in the home environment ( Fig. 4b; DNQX, F (1,7) ϭ 23.8, p ϭ 0.002; site by drug interaction, F (1,7) Ͻ 1, p ϭ 0.429). Similarly, the stressful environment increased the incidence of distress vocalizations generated after DNQX when the rats were touched by the experimenter at the end of the session by fivefold compared to the home environment ( Fig. 4d ; 50% of rats vs 10% in home environment; McNemar's test, p ϭ 0.063). Conversely, the stressful environment eliminated pure appetitive sites in the midrostrocaudal zone, converting them into either mixed valence or purely fearful sites (Fig. 4c) . The stressful environment also reduced the intensity of appetitive behaviors induced by DNQX at midrostral sites to ϳ50% of home levels, even for sites that still generated any eating (average of 507 Ϯ 142 s in the stressful environment vs 879 Ϯ 87 s in the home environment; drug by environment interaction, eating, F (1,7) ϭ 6.0, p ϭ 0.044; food intake, F (1,7) ϭ 2.9, p ϭ 0.013).
Fearful mode requires D 2 receptor involvement, but appetitive mode does not
The most important novel finding here was that D 1 /D 2 receptor requirements for endogenous dopamine stimulation at a given site dynamically changed with environmental ambience shifts in a manner tied to motivational valence generated by DNQX at the moment rather than to rostrocaudal location per se. Each DNQX site had two modes: appetitive and fearful, depending on external ambience of the moment. The appetitive mode (i.e., DNQX stimulation of eating induced by the dark, quiet, and familiar home environment) did not require D 2 receptor activation to enhance eating, whereas the fearful mode (i.e., DNQX stimulation of defensive treading behavior and distress vocalizations induced by the loud and bright stressful environment) always required D 2 receptor activation for every site to stimulate fear, regardless of rostrocaudal location (just as caudal sites had required D 2 for Figure 4 . Environmental ambience shifts glutamate/dopamine interaction mode. A-D, Summary maps (n ϭ 10) in sagittal plane show behavior produced by microinjections in the same rats of either DNQX alone or DNQX plus a D 2 antagonist (raclopride), each tested both in the home environment (A) and in the stressful (B) environment. Each site was designated in a particular environment as producing primarily appetitive (green symbols), fearful (red symbols), or mixed valence (yellow symbols) motivated behavior following DNQX microinjection. Testing in the home environment caudally expanded the area in which DNQX generated purely appetitive behavior (criteria for including a site was a 200% increase in feeding behavior) and nearly eliminated the ability of DNQX to generate defensive treading behavior, distress calls, or escape attempts at any site. Conversely, testing in the stressful environment rostrally expanded the area of medial shell capable of generating intense fearful behaviors (criteria for including a site was a 500% increase in treading over vehicle levels), so that nearly every rostrocaudal location became able to generate fearful reactions after DNQX microinjections (relative to vehicle). The addition of the D 2 antagonist to the microinjection blocked DNQX generation of defensive treading regardless of site. In contrast, the D 2 antagonist never blocked the ability of DNQX to stimulate eating behavior and increase food intake. Histogram bars below the maps show mean behavior as a percentage of vehicle for each behavior at the rostrocaudal level as marked along the medial shell, with the dominant behavior stimulated in each environment appearing along the top (home environment, eating; stressful environment, treading; error bars indicate SEM). Maps of fearful vocalizations indicate which rats emitted audible distress calls in response to the experimenter's touch in the home environment (C) and the stressful environment (D) following DNQX alone or DNQX plus the D 2 antagonist. Histograms bars above the maps show the percentage of subjects that vocalized at each rostrocaudal level.
DNQX generation of fear in the previous experiment; Fig. 4) . Flips in valence mode, between appetitive and defensive, occurred for 90% of sites tested, which comprised nearly all possible intermediate rostrocaudal locations in medial shell. For the remaining 10% of sites (n ϭ 1), DNQX microinjected into far caudal shell always generated fearful behaviors in both environments (and fearful behaviors were always eliminated by D 2 blockade).
More specifically, adding the D2 antagonist to DNQX microinjection completely blocked distress calls and defensive treading behavior at all sites that otherwise generated fear after DNQX in the stressful environment ( Fig. 4; rostral sites, raclopride, F (1,4) ϭ 19.9, p ϭ 0.021; all rats, raclopride, F (1,7) ϭ 10.7, p ϭ 0.022; site by drug interaction, F (1,7) Ͻ 1, p ϭ 0.730). However, the D 2 antagonist never blocked or suppressed eating behavior (i.e., appetitive motivation) generated at the same sites by DNQX in the home environment; in fact, adding the D 2 antagonist actually enhanced the levels of eating behavior generated by DNQX in the stressful environment to 463% of vehicle levels and 140% of levels on DNQX alone for the same sites ( Fig. 4c ; average of 712 Ϯ 178 s on DNQX plus raclopride vs 507 s on DNQX alone and 153 s on vehicle). In the stressful environment, D 2 blockade magnified DNQX stimulation of eating and increased grams of food consumed, regardless of rostrocaudal location (within the intermediate zone), confirming that local D 2 neurotransmission is not only unnecessary for eating enhancement but actually can oppose the generation of intense eating by local AMPA receptor blockade in medial shell (eating, raclopride, F (1,7) ϭ 18.5, p ϭ 0.008; site by drug interaction, F (1,7) Ͻ 1, p ϭ 0.651; food intake, raclopride, F (1,7) ϭ 5.6, p ϭ 0.064; site by drug interaction, F (1,6) ‫؍‬ 2.5, p ϭ 0.163). While in the standard environment D 2 blockade disinhibited DNQX eating only in caudal shell (Fig. 2a) , the stressful environment expanded the fear-generating zone and likewise expanded the zone in which D 2 blockade disinhibits DNQX eating to include midrostral zones of medial shell ( Fig. 4c ; eating, raclopride by environment by site interaction, F (1,25) ϭ 6.2, p ϭ 0.020).
Dopamine receptor roles flip reversibly between multiple transitions
In rats that displayed ambivalent (both) motivations in the stressful environment (60% of rats), DNQX-induced eating peaked in the first 15 min, whereas defensive treading peaked later in the trial (30 -45 min after the microinjection; Fig. 5a ). During the 20 min period of maximal overlap between appetitive and defensive behavior (minutes 10 -30), most rats transitioned from appetitive to defensive only once (16%) or two to six times (50%). With relatively few transitions during the hour, any single minute was likely to consist of pure rather than mixed motivated behaviors (Fig. 5b) , consistent with previous reports . Dopamine D 2 receptor blockade did not block eating behavior (which dominated in the first 20 min of the session), but effectively blocked defensive treading behavior (which dominated in the final 20 min).
However, two rats stood out as especially ambivalent, transitioning between appetitive and defensive behavior Ͼ25 times each within the hour after pure DNQX microinjections in the stressful environment. This represented the closest approach to simultaneous display of opposite motivations that we observed. Even in these rats, however, D 2 receptor blockade consistently blocked only defensive behavior emitted under the loud and bright conditions, and never appetitive behavior (in either stressful or home environments; Fig. 5c ), which continued to occur at similar levels and time points after DNQX plus D 2 antagonist microinjection as after pure DNQX in the corresponding environment. Thus, motivated behavior produced by dopamine/glutamate interactions appeared to be able to shift rapidly and repeatedly between appetitive and fearful modes. When environmental conditions fostered ambivalence in a susceptible individual, a site could flip valence modes Ͼ20 times in a single hour.
Fos plume analysis: defining size of microinjection local impact
Localization of function was aided by assessing the extent of local impact of drug microinjections on nearby tissue, as reflected in Fos plumes around the microinjection center (Fig. 1b) . Rats used previously for behavioral testing in the environmental shift group were assessed for Fos plumes after the end of the experiment. However, as anticipated, we confirmed that rats that had already completed behavioral testing had shrunken Fos plumes compared to the dedicated Fos group that received only a single microinjection, indicating that DNQX-induced plumes from rats that received six previous microinjections no longer represent the maximal impact radius of drug spread. DNQX produced plumes Figure 5 . Appetitive and defensive behavior elicited from mixed valence sites in the stressful environment. A, Time course of eating and defensive treading over the 1 h trial (n ϭ 6): eating behavior peaks early in the trial, while defensive treading emerges toward the midpoint of the trial (average percentage of vehicle; error bars indicate SEM). B, During the period of greatest overlap (minutes 11-30, highlighted in A), most individual minutes for a given rat consisted of purely appetitive or purely aversive behavior, rather than mixed, and transitions between appetitive and defensive valence tend to be limited (Ͻ10 for most rats). Yet, even for the rat that demonstrated the greatest ambivalence (C; ϳ31 transitions between appetitive and defensive behaviors in the 1 h test), the addition of the D 2 antagonist (raclopride) completely eliminated fearful behavior and left DNQX stimulation of eating intact.
in the dedicated Fos group that were nearly four times larger in volume (nearly two times larger in radius) than in the previously behaviorally tested group (F (9,90) ϭ 3.3, p Ͻ 0.002). Therefore, when mapping functional drug spread in all figures, we relied on plume radius data from the dedicated Fos group (matched to initial behavioral test conditions) to avoid underestimation when assessing the maximal spread of local impact for microinjections and to construct plume maps for localization of function. However, all other data besides plume radii shown in maps were obtained exclusively from the behaviorally tested group (i.e., colors and bar graphs reflecting intensities of eating and fearful behaviors induced at particular sites).
Pure DNQX microinjections produced plume centers of double the intensity of vehicle-level Fos expression in a small volume of 0.02 mm 3 for the dedicated Fos group (Fig. 1b, (Faure et al., 2008) .
Discussion
In rostral shell, only endogenous dopamine signaling at D 1 -like receptors was needed for DNQX microinjections to stimulate fivefold increases in eating. In contrast, in caudal shell, simultaneous signaling at D 1 -and D 2 -like receptors was needed for DNQX to generate a 10-times increase in fearful reactions (distress calls, escape attempts, and active defensive treading directed at objects in cage or beyond). Yet, rostral sites in medial shell were not simply D 1 dominant, nor were caudal sites D 1 -D 2 codominant for generation of motivations by glutamate disruptions. Most intermediate sites in shell switched flexibly between generating appetitive and fearful motivations when environmental ambience changed. For those sites, D 2 activity was always required for fear generation by DNQX microinjection (in the stressful environment) but never required for appetitive generation of eating (in the familiar home environment). Not only was D 2 signaling unnecessary, D 2 receptor blockade actually disinhibited DNQX stimulation of eating at sites when placement/environment combination otherwise facilitated fear. In short, rostrocaudal placement strongly biases the valence of motivational salience produced by glutamatergic disruptions, but dopamine interaction modes are more closely tied to appetitive/fearful valence generated at a given moment than to location per se .
Mechanism of interaction between dopamine and glutamate blockade
The precise mechanism of NAc dopamine/glutamate interaction in generating intense incentive salience versus fearful salience remains a puzzle. Purely speculatively, we offer several possibilities. In the absence of glutamatergic input during AMPA blockade, NAc neurons reduce already low rates of firing, become hyperpolarized, and possibly disinhibit downstream targets in VP, LH, and VTA to stimulate motivated behaviors (Taber and Fibiger, 1997; Kelley, 1999; Meredith et al., 2008; Roitman et al., 2008; Krause et al., 2010) . However, if dopamine primarily modulates glutamatergic depolarizations (Calabresi et al., 1997) , then dopamine might be viewed as largely irrelevant to such hyperpolarizations.
Still, one possibility is that D 2 receptor activation attenuates remaining excitatory AMPA postsynaptic impact (Cepeda et al., 1993) , and so D 2 blockade might prevent AMPA attenuation, disrupting local hyperpolarizations. Alternatively, D 1 receptor activation may facilitate hyperpolarization in relatively inhibited neurons (Higashi et al., 1989; Pennartz et al., 1992; Moyer et al., 2007; Surmeier et al., 2007) , and so D 1 blockade might likewise disrupt those hyperpolarizations. Presynaptic mechanisms might also contribute, based on potential suppression of glutamate release by NAc D 1 receptor activation on hippocampal or amygdala terminals, and similar presynaptic D 2 suppression at prefrontal terminals (Pennartz et al., 1992; Nicola et al., 1996; Charara and Grace, 2003; Bamford et al., 2004) . Presynaptic dopamine blockade might disrupt such suppressions and consequently increase glutamate release, potentially overcoming DNQX effects.
A remaining class of explanation could involve more subtle dopamine/glutamate interaction. For example, DNQX microinjections might shift AMPA/NMDA activation ratios toward NMDA, potentially relevant if NMDA receptors provide current contributions in the absence of AMPA currents (Cull-Candy and Leszkiewicz, 2004; Hull et al., 2009 ). Additionally, DNQX-induced local hyperpolarization may, via GABAergic connections between neighbors, laterally disinhibit surrounding neurons (Mao and Massaquoi, 2007; Faure et al., 2008; Tepper et al., 2008) . Dopamine blockade could counteract both of these effects by disrupting both NMDA-mediated currents (Cepeda et al., 1993; Surmeier et al., 2007; Sun et al., 2008) and lateral inhibition (Taverna et al., 2005; Grace et al., 2007; Moyer et al., 2007; Nicola, 2007) . The actual roles of these or other mechanisms in generating these phenomena will need future clarification.
Direct and indirect output pathways in D 1 -and D 2 -dependent motivation Direct and indirect pathways from shell may differentially contribute to incentive versus aversive motivation (Hikida et al., 2010) . In general for striatum, D 2 -expressing outputs travel chiefly via the indirect pathway, and D 1 -expressing outputs travel via the direct pathway (Gerfen and Young, 1988; Gerfen et al., 1990; Bertran-Gonzalez et al., 2008; Matamales et al., 2009) . For NAc medial shell in particular, D 1 -expressing neurons similarly constitute the direct output pathway to VTA, whereas equal populations of D 1 -and D 2 -dominant neurons project along the indirect pathway to the VP and LH (Fig. 6) (Haber et al., 1985; Heimer et al., 1991; Lu et al., 1998; Zhou et al., 2003; Humphries and Prescott, 2010) . Additionally, 15-30% of shell neurons, likely projecting along the indirect pathway, coexpress both D 1 and D 2 receptors, which sometimes form a conjoined heteromer (Humphries and Prescott, 2010; Perreault et al., 2010 Perreault et al., , 2011 . Speculatively, the importance of D 1 receptors in enabling glutamate disruptions to generate appetitive behavior might reflect a primacy of the direct pathway from NAc to VTA. In contrast, the need for D 1 and D 2 coactivation for DNQX fear generation might highlight a greater contribution of the indirect pathway.
Valence mode shifts and rostrocaudal biases: mesocorticolimbic circuits Shifts between familiar and stressful environmental ambience modulate mesocorticolimbic circuits, likely altering glutamatergic inputs to NAc from prefrontal cortex, basolateral amygdala (BLA), hippocampus, and thalamus (Swanson, 2005; Zahm, 2006; Belujon and Grace, 2008) , which may interact with D 1 /D 2 dopamine signals. For example, after theta burst firing from the BLA, rostral shell neurons can show decreased responsiveness to subsequent BLA stimulations, whereas neurons in caudal shell are more likely to increase subsequent firing to the same BLA stimulations, a difference that requires D 2 receptors and that might modulate the size of appetitive versus fear-generation zones within the medial shell (Gill and Grace, 2011) . Particular features of mesocorticolimbic inputs may also be important for the shell's intrinsic rostrocaudal gradient. For instance, norepinephrine from hindbrain is released chiefly in caudal regions of shell, facilitated by dopamine D 1 stimulation but inhibited by D 2 , and might help modulate motivation valence (Berridge et al., 1997; Delfs et al., 1998; Vanderschuren et al., 1999; Schroeter et al., 2000; Park et al., 2010) . Finally, point-to-point corticolimbic targeting from prefrontal cortex zones to subregions of medial shell, VP/LH and their downstream targets, permit multiple segregated loops to travel through mesocorticolimbic circuits (Thompson and Swanson, 2010) , which could further contribute to localization of desire and dread generators.
Caveats regarding D 1 and D 2 receptors in motivated behavior
We believe our findings do not necessarily conflict with others' reports of D 2 /D 3 involvement in incentive motivation (Bachtell et al., 2005; Bari and Pierce, 2005; Xi et al., 2006; Heidbreder et al., 2007; Gardner, 2008; Khaled et al., 2010; Song et al., 2011) . As a caveat, we note that our findings are strictly limited to mechanisms that simultaneously involve (1) glutamate/dopamine interactions (2) within the NAc medial shell that (3) generate intense elevation of appetitive/fearful motivations. Although our conclusions are consistent with reports that D 1 (but not D 2 ) blockade in NAc shell prevents appetitive VTA-stimulated eating (MacDonald et al., 2004) and prevents appetitive self-stimulation via optogenetic activation of glutamatergic amygdala-NAc projections (Stuber et al., 2011) , as well as reports that D 2 signaling contributes to active defensive behaviors (Filibeck et al., 1988; Puglisi-Allegra and Cabib, 1988) , our results do not preclude other roles for D 2 /D 3 receptors in generating appetitive motivation in different situations. In particular, we do not contradict appetitive roles produced in different brain structures, involving different reactions (e.g., learned rather than unconditioned) or that involve deficits below normal levels of motivation. Understanding dopamine receptor roles in generating motivations will eventually require integration of all relevant facts.
GABA and metabotropic glutamate generation of motivated behavior
We suggest that rostral dopamine/glutamate interactions here generated positive incentive salience, making food perceived as more attractive to eat. In contrast, caudal or negatively valenced interactions generated fearful salience, making objects and experimenter perceived as threatening. We previously reported metabotropic glutamate blockade at sites throughout medial shell to generate fear and disgust (Richard and Berridge, 2011) , and reported local GABAergic hyperpolarizations to generate rostrocaudal gradients of feeding and fear, similar to the keyboard pattern described here (Reynolds and Berridge, 2001; Faure et al., 2010) . However, we do not suggest that the dopamine interactions with ionotropic glutamatergic disruptions identified here necessarily apply to metabotropic or to GABAergic NAc mechanisms of motivation. Dopamine involvement in those remains an open question. There are several neuronal differences (e.g., direct GABAergic hyperpolarizations of neurons versus glutamate blockade-mediated hyperpolarization) and functional differences (e.g., shifts in hedonic impact versus induction of motivated behavior) that could prove important.
Implications for psychopathology
Corticolimbic dopamine/glutamate interactions have been linked to both intense incentive salience and fearful salience, contributing to appetitive motivation in addiction and to intense fearful motivation in psychotic paranoia (Wang and McGinty, 1999; Barch, 2005; Taylor et al., 2005; Lapish et al., 2006; Faure et al., 2008; Jensen et al., 2008; Kalivas et al., 2009) . Flips in the valence of pathologically intense motivational salience also can occur (Morrow et al., 2011) . Amphetamine addicts can experience fearful "amphetamine psychosis" similar to paranoia, which may involve pathological exaggerations of fearful salience (Featherstone et al., 2007; Jensen et al., 2008; Howes and Kapur, 2009 ). Conversely, some schizophrenic patients exhibit higher brain activations that encode appetitive incentive salience (Elman et al., 2006; Diaconescu et al., 2011) . Overall, understanding how glutamate/dopamine interactions within NAc shell create intense appetitive and/or fearful motivations may illuminate the mechanisms underlying such intense but opposite disorders of motivation.
